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Simple Summary: New methodologies and technologies developed in the last few decades have
highlighted the precise spatial organization of the genome into the cell nucleus, with chromatin
architecture playing a central role in controlling several genome functions. Genes are expressed in a
well-defined way and at a well-defined time during cell differentiation, and alterations in genome
organization can lead to genetic diseases, such as cancers. Here we review how the genome is
organized in the cell nucleus and the evidence of genome misorganization leading to cancer diseases.
Abstract: The last decade has seen significant progress in understanding how the genome is organized
spatially within interphase nuclei. Recent analyses have confirmed earlier molecular cytogenetic
studies on chromosome positioning within interphase nuclei and provided new information about
the topologically associated domains (TADs). Examining the nuances of how genomes are organized
within interphase nuclei will provide information fundamental to understanding gene regulation and
expression in health and disease. Indeed, the radial spatial positioning of individual gene loci within
nuclei has been associated with up- and down-regulation of specific genes, and disruption of normal
genome organization within nuclei will result in compromised cellular health. In cancer cells, where
reorganization of the nuclear architecture may occur in the presence of chromosomal rearrangements
such as translocations, inversions, or deletions, gene repositioning can change their expression. To
date, very few studies have focused on radial gene positioning and the correlation to gene expression
in cancers. Further investigations would improve our understanding of the biological mechanisms
at the basis of cancer and, in particular, in leukemia initiation and progression, especially in those
cases where the molecular consequences of chromosomal rearrangements are still unclear. In this
review, we summarize the main milestones in the field of genome organization in the nucleus and
the alterations to this organization that can lead to cancer diseases.
Keywords: cancer; genome organization; chromosomal rearrangements; topologically associated
domains; replication timing
1. Introduction
In all organisms, including bacteria [1], the genome is organized within a “nuclear
space” to facilitate the genes’ switching on and off, transcriptional regulation, and irre-
versible silencing of genes. In eukaryote cells, this requires a highly organized nuclear
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structure, with chromatin architecture playing a central role in maintaining healthy cells. A
further layer of genome organization in the cell nucleus, alongside the DNA sequence itself
and a defined chromatin structure, is the spatial positioning of defined regions, sometimes
also known as spatial epigenetics [2], whereby individual chromosomes, single chromoso-
mal bands, clusters of genes and individual gene loci reside in nonrandom locations within
cell nuclei. Alterations to this genomic organization in the nucleus could lead to genetic
diseases, including cancer, as will be disclosed in the following sections.
In the last two decades, chromosomes have been intensely studied inside the cell
nuclei to understand if they occupy specific positions to correctly drive the expression
of genes they contain. Radial chromosome positioning is evident in all animal cells, as
demonstrated in human [3–6], mouse [7,8], primates [9,10], canine species [11], pigs [12,13],
birds [5,11,14,15], reptiles, and amphibians [16]. Overall, from these studies, it appeared
that the spatial organization of these animals’ genomes placed less transcriptionally active
regions of the genome close to the nuclear periphery and more transcriptionally active
regions in the inner part of the nuclei [5,6,17–21]. Of course, it follows that genes housed
upon individual chromosomes would also be radially and nonrandomly located in cell
nuclei, and such positioning for individual gene loci has indeed been observed numerous
times for different organisms [2], for example, in humans [6,22–27], mouse [23], pig [28,29],
and snail [30]. Thus, the chromosomal organization in the cell nucleus and the chromatin
architecture are evolutionarily highly conserved in mammals and birds to maintain the
correct functioning of the genome. In humans, this well-controlled genome organization is
sometimes subject to several types of alterations, following chromosomal rearrangements,
that can lead to the modification of normal gene distribution in the nucleus (see next
sections). These variations in chromatin organization can be found in several genetic
diseases, such as cancer [2].
Here, we review the recent advances in knowledge about gene and genome organiza-
tion in the cell nucleus. We focus on the organization of genes in the nuclear chromosome
territories and variation in the chromatin structure as a consequence of chromosomal
rearrangements leading to repositioning in the nucleus of specific genes. This repositioning
can lead to an ectopic alteration in gene expression and replication timing of the involved
genomic sequences, two features related to cancer diseases.
2. The Chromosome Organization in the Cell Nuclei
Using DNA probes to “paint” individual chromosomes with the fluorescence in
situ hybridization (FISH) technique, it has been possible to visualize whole chromosome
territories in the interphase nuclei allowing precise analyses to understand the organiza-
tion of each chromosome in the nucleus [31]. Indeed, it was determined that individual
chromosomes occupy specific radial positions according to their average gene density in
proliferating cells [3]. This was demonstrated, for the first time, for two small human
chromosomes, chromosomes 18 and 19, endowed with opposing properties taking into
consideration the GC level of the genomic sequence and gene density. The authors found
that the chromosome territory of the gene-poor/GC-poor chromosome 18 was located at
the nuclear periphery, whereas the territory of the gene-rich/GC-rich chromosome 19 was
located more internally in the nucleus [3,17]. The spatial organization in the cell nuclei of
these two chromosomes has also been observed in other organisms such as mice [32] and
primates [9], where the syntenic chromosomes show similar nuclear distribution.
Chromosomes 18 and 19 occupy different intranuclear positions (the former more
peripheral and the latter more internal) because they are small and relatively homogeneous
in their nucleotide composition and gene density, as previously shown [33–36]. Thus,
these two chromosomes can occupy different nuclear locations due to their small size and
different genomic features (Figure 1). On the other hand, larger chromosomes, being highly
heterogeneous in terms of nucleotide composition and gene distribution, cannot occupy
a specific position close to the nuclear periphery or more internally in the nucleus [6].
In this case, because the genomic regions with opposite properties are not contiguous
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but distant from each other, large and heterogeneous chromosomes can organize their
different chromosomal regions using a “zig-zag” distribution to position all the GC-poorest
DNA at the nuclear periphery and all the GC-rich DNA toward the inner part of the
nucleus [6]. Genomic DNA with intermediate properties connects the above regions
(Figure 1). Confirmation of this chromosomal organization in the nucleus was also obtained
by localization in the cell nucleus of the compositionally fractionated DNA used as a probe
in FISH experiments: the GC-rich DNA was located in the inner part of the nucleus. At the
same time, the GC-poor was observed only in the nuclear periphery. This means that all
GC-rich chromosomal bands reside in the nuclear interior, even if they belong to different
chromosomes and even if they occupy different positions along each chromosome.
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Conversely, all the GC-poor bands, along with the centromeric sequences, are located
at the nuclear periphery or close to the nucleolar periphery [3]. Indeed, in this latter case,
chromosomes containing the rRNA gene clusters (Nucleolus organizer regions (NOR)),
namely chromosomes 13, 14, 15, 21, and 22, reside close to the nucleolus, thus in these
cases, the entire chromosomes are located in the inner part of the nucleus. However, their
gene/GC-poorest bands maintain the same functional position in the peripheral part of the
nucleolus, composed primarily by the centromeric and pericentromeric heterochromatin of
the NOR-containing chromosomes. The rDNA clusters located in the short arm of these
chromosomes are organized in a rosette mode, thus determining the nucleolus formation.
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These results demonstrate that chromosome territories are endowed with a GC-level
gradient increasing from the periphery to the inner nuclear compartment (Figure 1). This
result was confirmed by further studies [37], showing the active gene sequences located in
chromatin loops stretching into the nuclear interior and the gene-poor sequences located at
the nuclear periphery.
More recent techniques were developed to study the organization of the genome in 3D
within the cell nucleus. These are derived from the chromosome conformation capture (3C)
method [19], namely the variants 4C (chromosome conformation capture-on-chip) [38],
5C (chromosome conformation capture carbon copy) [39], and Hi-C (high-throughput
chromosome conformation capture) [40]. This latter variant, Hi-C, has greatly enhanced
our knowledge of the nuclear chromatin architecture. Indeed, these methodologies have
revealed the closeness of individual genomic sequences to other sequences by cross-linking
of chromatin regions that are joined or very close to one another. In this way, intra- and
inter-chromosomal contacts can be determined, and thus a 3D model of chromosome and
gene interactions was developed. Hi-C has given us the most extensive view of the 3D
organization of the genome as all interactions between chromosomal regions are sequenced
and considered when the computer-generated map of the genome is constructed [41].
The analysis of the human genome’s spatial organization through Hi-C confirmed
what was initially found by FISH, namely that gene-rich chromosomal regions are spatially
linked, as demonstrated by the high number of contacts observed [40]. Interestingly, gene-
poor chromosomes 13 and 18 make very few contacts with other gene-rich chromosomes
such as 17, 19, and 22, confirming that chromosomes, and more precisely chromosomal
bands, share similar or different positions based on their gene density [3,5].
The Hi-C data continued to enhance our knowledge on chromatin organization in
the cell nuclei, revealing the presence of Topologically Associated Domains (TADs), a
structural organization of the chromatin endowed by a loop structure where the zinc finger
CCCTC-binding factor (CTCF) sites play an essential role [42,43]. CTCF sites are critical
in TAD organization, with these sites being located at the base of the TAD loops, aiding
in the insulation of the sequence present inside each loop. Thus, a TAD loop could be
considered not only a structural but also a functional region of the genome isolated from
the other neighbor TADs [44], and dysfunction of TADs is involved in human diseases [45]
and leukemogenesis [46].
These biochemical–molecular approaches have disclosed the presence in interphase
of two genomic compartments A and B [40], organized into TADs of various sizes, with the
former compartment located more internally in the nucleus and the latter more towards
the nuclear periphery and surrounding nucleoli [47,48], where heterochromatin is located.
These studies clearly showed the correspondence of compartment A and B with the GC-
richest and GC-poorest chromosomal band DNA, respectively [44]. Thus, information
obtained with different methodologies (biochemical and cytogenetic), joining data from the
high-resolution molecular Hi-C method (at Kb level resolution) to that involving molecular
cytogenetic techniques (with a lower level of resolution), demonstrated a unified model
of the organization of chromosomal DNA in the interphase nucleus. This has highlighted
the correspondence of the GC-rich isochores (and the GC-rich chromosomal bands) with
the TADs located more internally in the cell nucleus. On the other hand, the GC-poorest
isochores, corresponding to the GC-poor chromosomal bands, correspond to the genomic
regions with the highest number of TADs specifically located close to the nuclear envelope
and thus also defined as Lamina Associated Domains (LADs) [44,49].
3. Genome Organization inside the Chromosome Territories
Since genes are part of chromosomes, it also matters where those genes sit in relation
to the body of their home interphase chromosome territory, i.e., intrachromosomal organi-
zation. Indeed, gene loci can be located deep within chromosome territories, more towards
the surface of the chromosome territories, or even at some distance from the main body
of the chromosome territory, out on a chromatin loop. There is evidence that even within
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interphase chromosomes, there is the spatial organization of gene-rich and gene-poor areas,
which has been revealed by FISH, with inactive genes more likely to be located in the
interior of chromosome territories [6,23,50–54]. When chromosomes are located at the
nuclear periphery, their active genes are generally pointed towards the nuclear interior and
not the nuclear envelope side [6,37].
In highlighting the importance of intrachromosomal gene location, it is worth pointing
out the case of the over-expressed genes MYC and CCND1 in cancer cells located at the
edges of their chromosome territories. The same genes, when silenced, were located
deep within the interior of the chromosome territories. Experimentally silencing the over-
expressed genes leads to alterations in the genes’ locations, which become more internal
in the chromosomal territories [55]. This implies some flexibility and fluidity within the
chromosomal territory in gene distribution according to their transcriptional activity. How
this would naturally occur would need to be further investigated, but it would probably be
controlled by chromatin remodeling via histone modification [56]. Moreover, genes located
inside the chromosome territories are less likely to form interchromosomal translocations
but are more prone to forming intrachromosomal exchanges [57].
The arrangement of genes within a chromosome territory would permit the active re-
gions of the genome to be closer and exposed to the components, machinery, and structures
required for transcription and processing [58]. We know that active transcription can occur
at the surfaces and around channels that inveigle their way into chromosomes [59]. How-
ever, some gene loci are located away from the main body of their chromosome territory out
on loops to be transcribed at a distance from the chromosome [6,53,60,61], at transcription
factories, or splicing speckles [28,62], becoming colocalized with other genes [21,63]. This
positioning of chromatin loops belonging to different chromosomes in the same nuclear
compartments can determine chromosomal rearrangements such as translocations.
4. Nuclear Architecture, Replication Timing, and Cancer Diseases
Replication timing refers to the ordered succession in which the genome is du-
plicated during the S phase of the cell cycle. The replication does not proceed from
one end of a chromosome to the other, but it starts at different genomic sites and pro-
ceeds in a well-defined order based on the genomic properties of the different chromatin
regions [64–66]. Genomic regions with similar features, also belonging to different chromo-
somes, are replicated simultaneously during the S phase [67,68], starting in the inner part of
the nucleus and ending at the nuclear periphery, highlighting a clear relationship between
replication timing and the three-dimensional organization of the chromatin according
to the GC-level and to the gene density [69]. Indeed, a higher gene density correlates
to earlier replication during the S phase, while low gene density undergoes late replica-
tion [70,71], with heterochromatin and centromeric sequences replicated in later stages of
the S phase [72].
The Association of replication timing and chromosomal bands has been investigated
by incorporating 5-bromodeoxyuridine (BrdU) into newly replicated DNA. DNA from
different chromosomal band types is replicated at different times during the S phase of the
cell cycle, with human chromosomal bands classified into 18 replication groups, according
to their replication timing, with the first group replicated at the beginning of the S phase
and the last at the end [73]. Incidentally, the chromosomal bands endowed with the highest
and the lowest GC levels largely corresponded to the chromosomal bands replicated in
the first three and the last three replication groups. In other words, the GC-richest bands
corresponding to the gene-richest bands are replicated at the beginning of the S phase
of the cell cycle (Figure 2) [74]. Thus, the genomic compartment located towards the
inner part of the nucleus presents an open chromatin structure, containing most of the
active genes endowed with a high GC level, and is mainly replicated at the onset of the S
phase [74–77]. The opposite properties were observed in the genomic compartment located
at the nuclear periphery.
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Alterations in eplication timing patterns are observed in sev ral diseases, including
c n titutional syndromes and cancer [78]. Biallelically express d gen s display syn-
chronous pattern of r plication timing, whereas monoallelically expressed genes, such
as imprinted genes and genes the X chromosome, show an asynchron us pattern of
replication [79–82]. Abnormal replication timing was also described in microdeletion
syndromes, namely constitutional disorders characterized by the monoallelic deletion of
several genes in a certain genomic fragment of approximately 1-5Mb in size. A delayed
replication timing of the one remaining copy of the HIRA/Tuple gene on 22q11.21, related
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to the DiGeorge/velocardiofacial syndrome, was observed [24]. Thus, changes in the
replication timing can be considered a sign of disruption to normal genome organization
that can impact the integrity of the nuclear architecture and correct gene expression.
Cancer-associated genes such as RB1, AML1, and CMYC, which display synchrony in
allelic replication in normal cells, have shown earlier replication timing and asynchronous
allelic replication in neurofibromatosis type 1 (NF1), a cancer-predisposing syndrome [83].
Similarly, loss of synchrony was also described in patients with nonalcoholic fatty liver
disease and cryptogenic cirrhosis, which are premalignant conditions of liver cancer [84].
These findings suggest that replication timing abnormalities could represent initiating
events in carcinogenesis. Replication asynchrony has been documented in various types
of cancers, such as lymphoma, breast cancer, prostate, and colorectal cancer, and other
hematologic malignancies [85–89], and abnormal replication timing has been proposed
as a preceding or predisposing event for chromosomal translocations in leukemia. Ryba
et al. [90] showed that acute lymphoblastic leukemia patients with no translocations
presented changes in replication timing in regions that are prone to that type of lesion.
Replication timing patterns could potentially be employed as a diagnostic tool to
precisely classify and predict diseases, but further studies are needed to establish precise
protocols. Given the multifactorial nature of cancer, the replication timing could contribute
to the development of the disease, although it is probably not the only initiator. Fritz
et al. [91] reported an altered replication timing of cancer-related genes in malignant cells,
whereas this was not the case in healthy and precancerous cells. This observation led to
the conclusion that other mechanisms and factors, mainly epigenetic, probably contribute
to the transformation process. It is also possible that alterations in replication timing
result from the epigenetic changes and the alterations in the chromatin structure following
chromosomal rearrangements.
5. Chromosomal Rearrangements and Nuclear Gene Repositioning in Cancers
Structural chromosomal abnormalities are a hallmark of several cancers, and chro-
mosomal rearrangements involve significant alterations and exchanges of genomic mate-
rial [92]. The molecular consequences of chromosomal rearrangements that affect genes
located at the breakpoints have been extensively studied. However, the consequences and
the impact of the alterations that do not directly disrupt gene(s) structure (i.e., those cases
in which the breakpoints are located in the intergenic regions) but determine a spatial
reorganization of the genome in the nucleus remain under-explored. Indeed, balanced
rearrangements such as translocations and inversions can lead to a change in the regulatory
context of the genes affected or to the formation of oncogenic chimeric genes, but in several
cases, no phenotypic effect is immediately apparent.
However, the consequences of many recurrent chromosomal abnormalities remain
unknown. Several studies have explored the link between chromosomal abnormalities and
their effect on gene expression [reviewed in [93]]. Due to the precise nature of chromosome
positioning within the nucleus, according to the GC-level of the genomic regions composing
each band, the gross changes created by chromosomal rearrangements lead to major spatial
disorders that go beyond local and in-cis effects. Chromosomal anomalies determine a
change in the nuclear location of the chromosomal bands located around the breakpoints,
and this spatial repositioning can cause changes in the accessibility status of the chromatin
involved in the rearrangement, with repercussions on the transcriptional regulation of
genomic loci not directly altered by the rearrangements [94].
Due to a chromosomal rearrangement (such as translocation, inversion, or deletion),
genes located close to the breakpoints might alter their position in the nucleus, and this
occurs when two chromosomal bands characterized by a very different GC-level, and
normally located in different nuclear compartments, find themselves close together in
the nucleus, with one of them located in a noncanonical nuclear compartment. Indeed,
this is usually the case when two chromosomal bands endowed with opposing features
(GC-rich/gene-rich vs. GC-poor/gene-poor) are involved in the rearrangement resulting in
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close contiguity of sequences normally positioned very far from each other. Depending on
the cell type affected by the rearrangement, this may imply that a transcriptionally inactive
gene could be ectopically activated by being positioned in a transcriptionally active nuclear
compartment. Conversely, a gene could be inactivated if it is repositioned from the internal
part of the nucleus to the nuclear periphery. In the case rearrangement happens between
two compositionally similar genomic regions, the affected chromosomal bands retain the
same radial position in the nucleus (Figure 3). This type of chromosomal rearrangements,
and the functional consequences related to the aberrant nuclear location, was studied on
both constitutional syndromes and cancer to focus on the relationship between the nuclear
location of the derivative chromosomes, the gene expression, and the general context of
the reorganized nuclear architecture [95,96].
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. E fect of chromosomal rearrangements on gen expression. The image shows three nuclei with the ig-zag
organization of the two chromosomes 7. Ideograms of the two homologous chromosomes 7 show the GC-richest (red)
and the GC-poorest (blue) bands. The image shows three drawings of nuclei with two normal copies of chromosome 7
(left), one chromosome 7 carrying an interstitial deletion between 7q21 and 7q36 (middle), and one chromosome 7 with
an interstitial deletion between 7q22 and 7q36 (right). Based on the new environmental conditions in which the terminal
bands of chromosome 7 will be found after the deletion, activation of the genes involved in the rearrangement may occur, as
observed for the MNX1 allele in patients with hematological disorders. The nucleus on the right shows the case of gene
activation by repositioni g the 7q36 band in a transcriptionally active compartment (close to the GC-rich 7q22 band), as
opposed to w at is presented in the nucleus n the center, where the d leti n involving the GC-poor 7q21 band keeps the
7q36 band in the same transcriptionally inactive compartment. Modified from [97].
On the Ewing sarcoma cells carrying a cancer-related translocation t(11;22), it has been
noted that the fusion genes EWSR1/FLI1 and ABL1/BCR were observed in an intermediate
nuclear position when compared to the wild type EWSR1 and FLI1 genes and that this
location seems to depend to the chimeric chromosomes obtained by the translocation [98].
However, it appears that there is no change in nuclear positioning if the genes affected
by the translocation initially had a similar location. This is the case of BCR and ABL and
the derivatives resulting after the formation of the Philadelphia chromosome [99]. Some
authors analyzing wild type MLL gene and five of its translocation partners showed that the
resulting fusion genes changed their nuclear location according to the gene density of the
2 Mb window of the regions involved [100]. Meaburn and Misteli [101] have demonstrated
a change in the radial nuclear location of cancer genes in early tumorigenesis. However,
interestingly, this was not associated with chromosomal rearrangements affecting the genes
studied, and the change in nuclear position was not accompanied by an altered gene
expression. These observations suggest that the repositioning of genes is prior to the
change in gene expression, suggesting that a nuclear position effect is responsible for the
perturbed transcription. A murine experimental model using HOX genes has provided
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evidence that nuclear reorganization does not depend on gene expression but can operate
upstream to it [102].
Another interesting case concerns the t(7;12) translocation frequently observed on
acute myeloid leukemia cells of pediatric patients, where the overexpression of the MNX1
gene (previously called HLXB9) was related to its altered radial nuclear position as a
consequence of the translocation of the 7q36 band (containing the MNX1 gene) on the
telomeric end of the chromosome 12 [25]. This translocation repositioned the MNX1 gene
more internally in the nucleus than the wild type allele. The ectopic activation and overex-
pression of MNX1 were also described in relation to other chromosomal rearrangements
observed on cell lines GDM1 [103] and K562 [27], as well as deletions observed in patients
with hematological disorders [97]. In this latter case, the activated MNX1 gene was related
to the type of breakpoints in the deleted chromosome 7, namely when the deletion joined
the region with the MNX1 allele to a chromosomal band with high GC-level, thus finding a
transcriptionally active nuclear compartment [97] (Figure 3).
The chromosomal organization in the cell nuclei with the t(11/22) translocation, fur-
ther to the alteration in gene expression related to the altered spatial organization of
the genes located close to the der (11) breakpoint, highlighted a different position in the
nuclei and an altered gene expression profile also for genes located on other chromo-
somes not directly involved in the translocation [96]. This indicates that a chromosome
rearrangement influences nuclear chromatin organization not only of the genomic re-
gions surrounding the breakpoints or the chromosomes directly involved in the rearrange-
ment but also the chromatin architecture corresponding to the nuclear territories of other
chromosomes [59,100,104]. This appears to depend on long-range interactions between
chromosomes in the cell nuclei, although translocations between neighboring chromo-
somes occur at a higher frequency, as observed by comparing the nuclear position of some
loci in human lymphoma B-cells and the normal B-cells [104].
6. Conclusions
Cancer is a genetic disease related to the altered expression of genes generally involved
in the cell cycle progression. A growing amount of evidence has shown that gene expression
alteration observed in cancer cells could be related to a different position of genes in the
cell nuclei and consequently to a chromosomal rearrangement. The nuclear position
effect reflects the chromatin organization in the cell nuclei. Many different experimental
procedures have demonstrated the presence of two very different nuclear compartments,
one endowed with a high GC level, a high gene density, a very early replication during the S-
phase of the cell cycle, and a position in the inner part of the nucleus. Another compartment,
generally located more peripherally in the nucleus, is endowed with opposite properties.
Rearrangements between loci belonging to these two different compartments influence
the repositioning of genes in a compartment with different environmental properties,
determining the ectopic activation or inactivation of the relocated genes. To date, only
a few studies have focused on the nuclear positioning of genes in cancer, and further
investigations should be carried out to better understand the real impact of this mechanism
in the oncogenic process initiation and progression.
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